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CALCULATED HEATS OF FORMATION AND COMBUSTION OF BORON
COMPOUNDS (BORON, HYDROGEN, CARBON, SILICON)

By Aubrey P. Altshuller

SUMMARY

The heats of formation and combustion have been calculated for liquid
and gaseous alkyl- and silyl-substituted boron compounds by a semitheoret-
ical method. Alkylation and more especially silylation (substitution of
a SiHz group) reduce the heat of combustion. As the molecular welght of

the parent boron hydride increases, the reduction in the heats of combus-
tion resulting from the substitution of a given number of alkyl or silyl
groups decreases. As many as three carbon atoms can be substituted on
boron hydrides with five or more boron atoms without reducing the heat of
conbustion below 25,000 Btu per pound. The substitutlon of one silicon
atom reduces the heat of combustion as mich as do three carbon stoms.
Alkyl -substituted higher-molecular-weight boron hydrides mey prove to be
satisfactory high-energy fuels. )

INTRODUCTION

Considerable effort has been put into the synthesis and investigation
of the physical, thermodynemic, end kinetic properties of liquid and solid
fuels containing boron and hydrogen, or boron, hydrogen, and carbon (refs.
1 to 15). These boron-containing fuels have heats of combustion as much
as 70 percent higher than JP fuels (ref. 7 and this report), high flame
speeds (ref. 8), and high specific impulses (ref. 9); consequently, they
afford high thrust and improved range for ram-jet and rocket appliceations.

Experimental determinastions of the heats of combustion of boron-
containing compounds are complicated by the incompleteness of combustion
of the boron and carbon (refs. 10 and 11 and unpublished Lewls data).
Furthermore, it is very dilfficult to prepare boron hydrides or alkylated
boron hydrides of high purity and maintain such purities over apprecisable
periods of time (unpublished ILewis data). However, the experimentally
known heats of formation avellable for several boron hydrides and tri-
alkylboranes can be used along with the appropriate hond energies to
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calculate the heats of formation of meny alkyl- aphd gilyl-(SiHz) sub-

stituted boron hydrides. These heats of formatioh c@n then be combined “
with the heats of formation of the combustion products to obtain the -

— .

heats of combustion of the reactants. = R T

The heats of combustion of the ethyldiborane héave been calculated ﬁ
previously (ref. 7) from bond-energy data‘by a me ho&_considerably aif-
ferent in its details from the method used in thelpreﬁent report. The
emphasis in reference 7 was on obtaining an approx1mate emplrical equa-
tion which could. be used to estimate rcughly the heats of combustion of
boron-carbon-hydrogen fuels of unknown stricture. In a recent Natlonal
Bureau of Standards report (ref. 12), the heats of formation of the methyl
and ethyldiboranes were calculated by a method vefy similar to the method E
usged in the present report. Heats of combustilon (in kcal/g) for a number -
of boron-containing fuels have been reported w1thout &ny details of the .
method of calculation in a report concerned. partieul"ly with solid pro-: = - -
pellants for rocket aspplications (ref. 14). . . — M

The heats of formation and combustion “mre celculated in this report j P
for a large number of alkyl- and silyl- substituted boron hydrides. The T
depression in the heat of combustion resulting frdm {Acreasing alkylation - _
or silyletion is considered. The effects on the heats of combustion of ﬁ . =
substitution of equal numbers of alkyl or silyl gqoups on different boron,
hydrides also are discussed. ' In addition, ‘the lowering of the heat of '
combustion of a given boron hydride resulting frod alkyla$1on is compared
with that resulting from silylation. .

u i-fi

bili1e

NOMENCLATURE ~ R -y

4 -

The nomenclature for boron compounds suggested iF reference 16 is
used in part in the present report. For simplicity, BEHS’ BgHg, and =~ HOEA T
BigHy4 Will be referred to in this report as diborene;  pentaborane, and "
decaborane rather than diborsne-6, pentaborane-9, bnd“decsborane-14, as : = =
suggested in reference 16. The substituted.compouhdsfk3B will be called '

trialkylborenes (R, alkyl radical). Substituted alkyldlboranes and silyl-~
diboranes wlll be hemed as suggested in reference 16 and 1llustrated in o
the following list: -

"

By E -~ F
/BHZB\ l,l—Dimethyldiborane Lo ?-“i
Hs B - - ST
s R
/BHZB\ . 1,2-Dimethyldib?rane . ée—
: S '

N

SR T
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CH.'.’)\ /CH3
/BHZB\ 1,1,2-Trimethyldiborane
CHz H
SiH3\ /31H5
’/BHZB\ 1,1,2-Trisilyldiborane
SiHz H

The name boryl for the BHy- radical suggested in reference 16 is adopted
as are the names methylboryl and dimethylboryl for (CHz)BE- and (CHz)pB-,
respectively. Compounds of the types RyBCH,BR, and RyBCoH4BRs, will be
named in the following way:

H5BCH,BH, Diborylmethane

HoBCH,CHoBH, 1,2-Diborylethane
H,BGH,BHCHZ Borylmethylborylmethane
CHzHBCH,BHCHzZ Bis-methylborylmethane
HoBCH,CHoBHCHZ 1-Boryl-2-methylborylethane
(CHz)»BCH,CH,B(CHz) 5 1,2-Bis(dimethylboryl)ethane

The radicals formed by removal of a hydrogen atom from the boron
hydrides other than borane will be given the anyl ending. Thus, the
radicals BgHg and BigHqz will be referred to in the present report as

the pentaboranyl and decaboranyl radicals. Consequently, alkylated and
silylated derivatives of pentaborane and decaborsne mey be named as sub-
stituted hydrocarbons and silanes, but more common usage calls for naming
these compounds es alkyl and silyl derivatives of the various boron hy-
drides. When two radicals are joined, as in BgHgBgHg, the bi prefex will

be used as in biphenyl Cgl5CgHs - Since the thermochemical information is

insufficient to differentiate thermally between nonequivalent boron atoms
in pentaborane and deceborane, the numbering of the skeletal boron atoms
will not be used. To illustrate, :

35H80H3 Methylpenteborane, or pentaboranylmethane
BgHgS1Hz Silylpenteborane, or pentaboranylsilane
G——
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BgHgCoHsg ' Ethylpentabofane, or pe“%dboranylethane
BSHBBSHB Bipentaboramyl ! j:'” ;. o
BgHgCH,B5Hg ' Dipentaboramﬁhmethane . 0
BSHBCHZCHZBSHQ : il,Z—Dipentabo;anyleﬁhaném
ByoH13CH3 Methyldecaborane, or dé?éboranylmethane -
B10812B10813 Bldeceboranyl F o
By of; 3CHACHpB oHy 2 'l,Z-Didecabogéhyletﬁaneiz }

HEATS OF FORMATION OF BORON HYDRIDES, TRIAIKYLBORANES, ATKYL AND
SILYL RADICALS, AND GASEQOUS BORON AND CARBON

The heats of formstion of diborane BpHg, pentsborane BgHg, and deca-
borane B{pHy, have been determined at the Nationgl Buresu of Standards '

(ref. 6) from the thermal decomposition of the hydrides to boron snd hy-
drogen. These values are listed in tdble I. The heat of formation of
borane BHz listed in table IT was calculated from the heat of reaction

of 28 kcal per mole for the reaction BpHg-+ZBHzZ (ref 13) and the heat of
formation of diborane. The heats of formatlon ofi Bzﬂs, BoHy, BoHz, BoHo,
BgHg, and B10H15 in table II have been est}mated py g@sting that the bond

dissociation energy for bresking the first boron-to-hydrogen bond so as to
form BoHg, BgHg, end BigHyz end the average boron-hydrogen bond energy in

forming BoH, BoHz, and BoH, mey be spproximated by the average boron-to-
hydrogen bond energy in borane. This assumption will be discussed in more

detail in the following section on bond energiesl z

The heats of combustion of the trimethyl—, triethyl-, tri-n-propyl-,
and tri-n-butylboranes have been determined (refs. 6,710, and 15).
Complete combustion of boron-containing coﬁpounds’(refs. 10 and 15) :
is difficult to obtain. Resldues of both boron ard carbon and possibly
partially oxidized products also often remsin after ¢ombustion. Although
the residues may be partially corrected for by analysis (unpublished ILewis
data), the uncertainties in the experimental heat® of. combustion at presentﬁ
range from *1 to +2 percent. As a consequence, the heats of formatiQn of
the trialkylboranes are uncertain from 5 To £15 kcal per mole. 2

S
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The heats of formation of slkyl free radicals, for exsample, CHz,
CHzCHy, and CHzCH,CHp, may be obtained from the heats of formation of the

parent hydrocarbons and the bond dissociation energies of the radical-to-
hydrogen bonds of these hydrocarbons. The bond dissocistion energies for
the radicel-hydrogen bonds are obtained from electron impact measurements
in the mass spectrograph (ref. 17), from studies of the kinetics of bro-
mination of hydrocarbons (refs. 18 and 19), and from kinetics of pyrolysis
(ref. 20). The values for the radical-hydrogen bond dissociation energies
from electron impact measurements agree within the experimental errors
with the results from kinetics of bromination. The heasts of formation of
the methyl and ethyl radicals are uncertain to +l kcal per mole, while the
heat of formation of the n-propyl radical is uncertain to +2 kecal per
mole. The most probeble values for the heats of formation of the alkyl
free radicals are listed in teble ITI. The use of dissoclstion processes
involving alkyl free radicals, where possible, avoids entirely the un-
certainty as to the heat of sublimation of cerbon. Actually, the calcu-
lated heats of formatlon are independent of the choice of the hest of
sublimation of carbon as long as the gppropriate carbon-hydrogen and boron-
carbon bond energies are used with & given choice of the heat of sublima-
tion of carbon.

The heat of formation of the silyl free radical SiHz in table II is
estimated from the heat of formation of silane SiH, (ref. 21) and the
average sllicon-hydrogen bond energy (see following section).

The higher heat of sublimation of carbon is listed in tsble I. The
heat of sublimation of boron given is that reported in reference 6.

BOND ENERGIES

The experimental average Y-Z bond energles 5éxp(Y'Z) mey be ob-
tained from dissociation processes such as

YZ,(g) »+ ¥(g) + nz(g)

by using the expression

ﬁexp (Y-Z) = AHy/n

where AH, 1s the heat of atomization end n is the number of Y-Z

bonds broken in the dissoclation process. The experimentsl average bond
energies for the boron-hydrogen and boron-carbon bonds may be calculated
from the dissociabion processes
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BHz(g) - B(g) + 3H(g)

and — . - - — mreams s oo

BRz(g)~>B(g) +2R(s) | =

It
TLolET
1
'
L}
L]
|

where R 1s alkyl radicsl. Similarly, the experimeﬁtal average bond :
energles may be obtained for the carbon-hydrogen and. silicon-hydrogen -
bonds from the dissociation processes n == oo

CHy(g)»C(g) + 4H(g) |

I [}

and. i

SiHy(g)»si(e) + 4H(g) | = _ R

Another method of obtaining average bond energies uses Pauling's T -

equations (ref. 22) involving the arithmetic and geométric means of the -

nonpolar bond energies., The equation Involving the géometric mean is | Gose e o

more satlsfactory to use and has therefore:been emplofed to calculate the

average bond energy for the boron-silicon bond for which no experimental
data are availgble. This equation is - ; =

D (¥-2) = A/D(Y-Y)D(z-2) +'225.os[;f<Y 'XZ]Z .

Where D(Y-Y) and D(Z-Z) are nonpolar bond energies, that is, D(C-C), -
D(C1-Cl), and so forth; xy and xgy are the electronegatlvities of f} —
atoms Y and Z (ref. 22). The D(B-B) and xp |have been obtained by = s
solving simulteneous (Pauling) equations using daia for the boron com- . i
poundst BHz, BBrz, and BRz, where the heats of formetion, D(H-H), D(Br-Br),

D(C C), Xg, Xpp, and Xg, are known. The value of DTB-B) also has been —

sition reactions for BHz, BoHg, BgHg, and BlOHlé‘I The numbers of the

various types of bonds (B-H, B-B, BHB, BBB) are taken from reference 23
The average values cbtained for D(B-B) and xp are B0 kcal per molewanql“mnv

2.0 units, respectively. (Pauling (ref. 227 previously obtained an Xg

of 1.95 using more limited data.) These values mey then be substituted
back into Pauling's equation to obtain such bond energies as ng(Si-B)

All the pertinent average bond energies obfained experimentally or from
Pauling's equation are:listed in teble III. o , ' o J

P

al

Actually bond dissociation energies such as (Bsﬂé)-H are desired, not

average energles. For example, by use of the average bond energy E(B—H) - s
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in pentaborane, the assumption is made implicltly that all boron-hydrogen
bonds have equel energies. Furthermore, it is assumed that the gpex boron
in BgHg is the same as the base boron atom (ref. 3). Similarly, the four

different types of boron atom in decaborane (ref. 3) are assumed to have
equal D(B-H) velues. Unfortunately, no bond-dissocistion-energy datas for
specific dissoclations B, H,:-H are available for boron hydrides. When

more detailed information on bond energies and bond dissociation energies
of boron hydrides does become availsble, 1t msy become possible to esti-
mete the differences in boron-hydrogen bond energies smong nonequivalent
boron atoms in the higher boron hydrides.

METHODS OF CALCULATION
Heats of Formstion

The heats of formstion of boron-containing molecules for which there
are no experimental dete from hests of combustion, heats of decomposition,
end so forth, can now be computed. The method to be used involves atomliza-
tion or dissociation reactions. For example, methylpentsborsne (or penta-
boranylmethane) BgHgCHz may be (1) etomized into gaseous atoms or (2) dis-

sociated by breaking a single boron-carbon bond as follows:

BgHgCHz(g)~+ 5B(g) + C(g) + 11 H(g) (1)

BgHgCHz(g) =+ BsHg(g) + CHz(g) (2)

Where possible, the molecules of interest will be dissociated (eq. (2))
into boron hydride fragments such as gaseous penteborane and alkyl or
8ilyl radicals. For the alkylated diborylmethanes, dlpentaboranylmethane,
and didecsboranylmethanes, decompositions to gaseous carbon also are in-
volved. In such cases care was taken to use the gppropriate values for
average carbon-hydrogen snd boron-carbon bond energies (tsble III).

The heats of these dissociation reactions are teken as the sums of
the bond energies for the bonds broken in formation of the fragments.
Thus, in the dissociation reaction for BgHgCHz(g) given in equation (2),

one boron-carbon bond is broken; therefore, the heat of dissociation is
Just 89 kcal per mole.

In general, the heat of formation AHP will be given by

AH% = ZAH%(products) - MB(3igsociation)
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AH = z:A‘Hg(;produ.cts) 'j25(Y'Z?

The spproximate nature of the bond enefrgiles used -means that the heats
of formetion (tsble II) calculated from them are unceftain to perhsps +5
to £15 kcal per mole, although some errors may cancel ‘each other out in
the cglculation. Fortunately, the contributions of the heats of formstion
of the alkylated and silylated boron hydrides are reré&ly greater then 5 |
percent of the heats of combustion. Hence, the uncertainties in the heats
of formation result ln uncertsintles in the heats of combustion of only l
to 2 percent. P

or by : . -

Heats of Vgporization : =

The heats of formation of the gaseous moleculgs have been obtained by
the procedure of the preceding sectlion. Since the! hegts of formation of .
the llquids are slso needed, the heats of vaporizatlon of the liquids must
be estimated., But, because most of the molecules congidered have not been
gynthesized, neither heats of vaporization AHvap , noT. boiling points are,

generally available. ' -

The present investigation shows that the extremely simple expression

AByen =2 +~Zn§C, B, Si atoms?

will give AHvap values with an average deviation of'l kcal per mole and _

less from the experimental heats of vaporization at the boiling point of
the boron hydrides, trielkylboranes, alkyldiboraneﬁ, ahd alkylsilanes.

This comparison is given in table IV. From_these palculated hesgts of va-j

———

porizetion, the heats of formetion of the liquids pave been calculated .

from the heats of-formation of the geses. ;; -
The heats of formation (gas phase and liquid phase) of the alkylated
and silyleted boron hydrides are listed in teble V. -
Heats of Combustion oo S - i

The heats of combustion AH., of the gaseous and‘liquld alkylated
and silylated boron hydrides can now be calculated. =

The heats of formation of the products of combu E?on considered are
listed in the following table: _ P .

He -

Sl N

-+er'$»ﬂiild i

k-

i
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Oxide Heat of formstion
(at 25° ¢),
AH%, keal/mole
Hp0(g) -57.80
Bo0z(crystalline) -305.4
B0z (amorphous) -301.0
O, (&) ~94.05
510, (amorphous ) -208.1

The heats of formatlion of water vapor and of carbon dioxide sre accu-
rately known (ref. 21). The heats of formation of crystalline and amor-
phous boric oxide (ref. 6) probably still are uncertain to *l kcal per
mole. The heat of formation of amorphous silica is used (refs. 24 and 25)
because X-ray analysis shows that the silicsa resulting from bomb calori-
metry of silanes is amorphous (ref. 26) .

Heats of formation and combustion appear in tgble V for substances in
the liquid, solid, or gaseocus state. Heats of cormbustion were calculated
for reactions ylelding both smorphous and crystelline boric oxide as prod-
ucts. These values have uncertainties of £200 to 500 Btu per pound.

The hegts of combustion of the variocus series of boron compounds sre
plotted in figure 1. Only the heats of combustion of the liquid boron
compounds oxidized to BoOz(emorphous) are plotted in these figures. How-

ever, as can be seen from teble V, the heats of combustlon for the gaseous
compound sre only 100 to 300 Btu per pound higher then those for the same
substance in the liquid state. The values plotted represent the lowest
heats of combustion of those listed in teble V. The most favoreble heat-
of -combustion values, which are for the boron compounds in the gaseous
state oxidized to Bzos(crystalline), gre 100 to 700 Btu per pound higher.

DISCUSSION OF RESULTS
The heats of combustion listed in tseble V and plotted in figure 1
provide date from which a number of interesting conclusions can be drawn.
The effects of alkylation or silylation of a given boron hydride and on
different boron hydrides now may be exemined in detail.
Triaslkyl- and Trisllylboranes

Alkylation and silylation have & common detrimental effect on the
heats of combustion of the parent boron hydrides. Alkylation of borane

L
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to form RzB compounds reduces the heat of combustion to a range of values _
only 10 to 20 percent higher than those for JP fuels (AH, for JP fuels,'_ -
from 18,000 to 19,000 Btu/lb). Silylation'to form B(SiH3)3 reduces the - ..

h?ag)of combustion below that of most hydrocarbons (see teéble V and fig. :
1{a = R

Alkyl- and Silyldiboranes’ o o

While diborane has e heat of combustion of more than 31,000 Btu per
pound, the heat of combustion of monomethyldiborane is 4700 Btu per pound
lower. Further alkylstion lowers the heats of combustion to between
20,000 end 24,000 Btu per pound. The monoalkyldiboranes are unstable with
respect t0 rearrangement to di- or trialkyldiboraﬁes.

f

{

|
Lalll

Bilyletion of diborane, even monosilylation,ldréﬁtically depresses
the hest of combustion. The heat of combustion of monosilyldiborene ls
as low as that of trimethyldiborene end the heats|of combustion of tri- Zl L ..
and tetrasilyldiboresne are no better than those of JP fuels (teble V and

£ig. 1(b)). | . =Y

Alkyl- and Silyltetraboran¢s '; B~ -

T R .

The heat of combustion of tetrdborane itself|is only 600 Btu per
pound less than that of diborane and is sbout 1400 Btu per pound higher
then that of pentsboreme. Although the heats of combustion fall off
more rapidly with alkylation and silylation of te reborane then penta—
borane, the higher initiel heat of combustion of {he_parent compound
tetrgborane results in a higher hest of combustion for all the alkylated
and silylated tetrsborsnes considered when_compared with the correspond-
ing alkylated or silylated penteboranes (see following section). Although
tetraborane itself is rather unstable, the alkylated or silylated deriva-
tives might possibly be appreciebly more steble (teble V and fig. 1(c)).

i '
iE 4 1.

[\

—_— . a2

Alkyl- end Silylpentaboranes

Alkylstion of the hesavier pentaborane molecu;e hes less-drastic con-
sequences on the hegt of combustion than alkylation dbes for diborane. f
The methylpenteborane (or pentaboranylmethene) has a heat of combustion
only sbout 2100 Btu per pound lower than does pentsborane itself. Even
propylpenteborane (or pentsboranylpropene) has a heet of combustion of -
gbout 25,000 Btu per pound, which is quite!an appEecidble gain over J8° ' T 7 _
fuels. Silylation -ggaln csuses a much larger depFession in the heats of - A
combustion than does alkylstion. Silylpenteborane (or pentaboranylsilane)
with only one silicon atom hes a hest of combustlon gbout the samé as that ~
of propylpentsborane with three carbon stoms (tdb}e V and fig. 1(d)). '

.

a3l

et
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Alkyl- and Sllyldecgborsnes

When the even heavier molecule decgborane is considered, it can be
seen (table V and fig. 1(e)) that alkylation has a very smsll effect on
the heat of combustion. Methyldecaborane (or deceboranylmethane) has a
heat of combustion only 1000 Btu per pound less than does decsborene.

Of even more interest is the fact that methyldecsborane, ethyldeceborane,
and propyldecasborane all have heats of combustion larger than the corre-
sponding alkylpenteboranes despite the higher heat of combustion of penta-
borane compared with deceborane. Also, the silyldecsborane has & heat of
combustion over 1000 Btu per pound higher than thet of silylpentsborane.
Again, as with diborane end pentsborane, the heat of combustion is de-
pressed gbout as much by one silyl group as by one propyl group substi-
tuted on decsborane.

YLLS

Diborylmethane, Diborylethane, and Their Alkyl Derivatives

Diborylmethane HyBCHoBH,, 1,2-diborylethane HoBCoHyBH,, end thelr

alkyl derivatives show no outstanding sdvantages in their heats of com-
bustion compared with the previously discussed boron hydride derivatives.
Although diborylmethane has & high heat of combustion (26,000 to 27,000
Btu per pound), alkylation repidly depressed the heat of combustion to
values only 10 to 20 percent higher than those of JP fuels (teble V and
fig. 1(£)). The compound 1,2-diborylethane has a heat of combustion of
only gbout 25,000 Btu per pound and alkylation depresses the hest of com-
bustio? §?to the range from 21,000 to 22,000 Btu per pound (téble V and
fig. 1(f)).

4

CN-2 back

Bipentaeboranyl and Bidecsgboranyl

Bipentaboranyl BsHgBsHg &nd bidecaboranyl 310315310313 would be

formed by the combination of two penteboranyl or decaboranyl radicals.
Their heats of combustion (teble V and fig. 1(g)) appear to be only
slightly lower than those of the respective parent hydrides, penta-
borane and decsborane; consequently, these compounds or their alkylated
derivatives should be very good high-energy fuels.

Dipenteboranyl- and Didecgboranylalkanes

The heats of combustion of dipentaboranylmethane BsHgCHoBsHg, 1,2-
dipentaboranylethane BSHSCEHéBSHS’ didecgboranylmethane BlOHlSCHZBlOHIS’
and 1,2-dideceboranylethane ByoH1 zsC2H4B ol 3z also have been calculated.
The heats of combustion of these compounds are in the range from 26,000
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to 28,000 Btu per pound (teble V and fig. 1(g)). ' Thelr heats of combus-
tion appear to be slightly higher than the methyl and ethyl derivatives of
pentaborane and decaborane. The dldecsboranylalkanes have heats of combus-
tlon as high or higher than the dipentaboranylalkpned with the same number
of carbon atoms. If the liquid dipenteboranyl- ahd didecaboranylelkanes
could be prepared, they might be very satisfactory high-~energy fuels. B
Even higher dipenteboranyl- and dldeceboranylelkaehes, such as 1,2~
dideceboranylbutane, should have quite high hesats|of combustion in the
range of 25,000 to 26,000 Btu per pound (estimated by extrapolation) end
mgy have very satisfactory liquid renges, low volatilities, and fairly
high densities. Lo

LU
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Beats of Combustion of Isomeirs I

It should be noted that many of the compoundé mentioned .in this re- | ’
port can have a number of isomers. For example, the alkyl group in an ‘ .
alkylpentsborane could be ettached to either the apex or the base boron .
atom in pentaborane. Agein, in dipenteboranylmethane, the two pentaboranyl _
radicals could be Jjoined by the methylene group apex to spex, apex to base, =~
or base to base., Quite probably these isomers haye somewhat different =~ ~ — —
heats of combustion. The present status of thermochemical knowledge of ’
boron compounds does not Justify the refinement of estimating the differ-
ences In the heats of formation of isomers, and conseguently, in their _
heats of combustion. = SR i

CONCILUDING REMARKS

The present calculgtions of the heats of combustion of alkylated and ‘
silylated boron hydrides indicate that alkylated derivatives of penta- . _
borene and higher boron hydrides should be smong the best high-energy i o
fuels. The higher the boron content, the less alkylation will affect the )
heat of combustion of the boron hydride. However, it is also possible
that considereble alkylation would be necessary to obtain a liquid fuel
from a compound such as bidecsboranyl. The preparation of compounds such
a8 BgHg(CHy),BsHg and ByoH; 3(CHy),B1oH; 5 might result.in very satisfactory

liquid fuels. However, further synthetic work is necéssary before the T
exact nature of the best or several best boron- containing high-energy
fuels can be specified.

As more accurste and extensive thermochemical data become available - - -
for boron hydrides and alkylated boron hydrides, celculations of the type
made here also can become more accurate and extensive. In view of the :
experimentel difficulties involved in the thermocHemistry of boron com- .-
pounds, the procedure of using & smell esmount of e€xperimental data as a ___ )
base from which to meke extensive semltheoretical calculations will prdb-
gbly be of velue for some time to come. . R

imﬂ
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It also muist be remembered that most of the compounds for which cal-
culations are made in this report have never been prepared. Furthermore,
many of these compounds maey be very unsteble and undergo decomposition,
rearrangement, or polymerizstion reactions. The answers to such questlions
of stability await further synthesis work and physical measurements.

The value of & given compound as a fuel is determined by a number of
other considerstions besides its hest of combustion. A compound may have
a desirsble heat of combustion but an unsetisfactory liquid range. A loss
in heat of combustion through slkylation may result in a fuel which has
a wide liquid range and also better handling characteristics. Further-
more, & higher combustion efficiency, obtalned by alkylation or possibly
silylation, may compensate or more than compensate for the loss in heat
of combustion.

Obviously, all the factors mentloned and perhaps others must be bal-
anced asgainst each other in obtaining the most desirsble fuel. A boron-
containing fuel is probsebly undesirsble if it has a heat of coumbustlion
no higher or very little higher then those of JP fuels. The exception
might be a boron fuel which is being used for its high flame velocity and
high thrust rather than its high heat content. However, most of the boron
fuels with high heat contents also probsbly have high flame velocities and
thrust; thus it appears that use of & low-heat-content boron fuel would
rarely be advantageous.

SUMMARY OF RESULTS

Estimation of the heats of combustion of several femllies of alkyl-
and silyl-substituted boron hydrides shows that

1. Alkylation and especilally silylation (substitution of SiHz groups)
of boron hydrides decrease considersbly the heats of combustion.

2. As the molecular weight of the parent boron hydride increases
from borene to decsboresne end then to bidecgboranyl, the depresslon in
the heats of combustion resulting from the substitution of & given num-
ber of carbon or silicon atoms decreases.

3. The heats of combustion of borane and diborane are rapldly reduced
by elkylation to values only 10 to 20 percent higher than those of JP
fuels.

4. The hests of combustion of borane and diborane are even more
repldly reduced by substitution of silyl groups. The tri- and tetrasilyl-
diboranes have hests of combustion very near those of JP fuels (sbout
19,000 Btu/1b).
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5. The heat of cambustion of tetraborane is cialcﬁ.,lated to be much
closer to the heat of cambustion of diborane than ithat of pentaborane.
The heats of cambustion of all of the alkyl (e.g., CHz, CpHg, CzHy) and

silyl (8iHz) derivatives of tetraborane considered were higher than those
of the corresponding pentaborane derivatives (see,the following result) .

6. The heats of cambustion of the alkylpentaboranes BgHgR and the
alkyldecaboranes BjgHjzR with R = CHz, CpHg, and 0‘3H7 are equal

to or grester than 25,000 Btu per pound. The heats of combustion of

BsHgSiHZ and BloH]_g,Sin, are sbout the same as those of the alkylated &er’iv—

atives with R = CzHy. - I S

7. The heats of combustion of the alkylated diborylmethasnes and
ethanes are even lower than those of the alkylated diboranes.

8. The heats of combustlon of bipenteboranyl 'and bldecaboranyl are_
only slightly lower than those of pentsborane and d.eca?borane. However,

alkenes are somewhat higher (up to 500 Btu/lb) than those of the alkyl-

the heats of cambustion of the dipentabora.;ylalkanes énd the didecsboranyl-

pentsboranes and alkyldecsboranes with the same number of carbon atoms.

9. The heats of vaporization for the large proportion of the com~
pounds considered for which there are no experimental values were esti-
meted by the simple empirical formula AH,g, = 2 + Zn(B, C, 51 atoms).

Experimentsl heats of veporization for boron hydrides 3 aJ_'k'yldi‘boranes,
trislkylboranes, and alkylsilsnes can be re;prod.uce_d within 1 keal per
mole with this empirical equation.

Lewis Flight Propulsion Leboratory !
National Advisory Committee for Aeronasutics
Cleveland, Ohlo, July 29, 1855 : =
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TABLE I. - EXPERIMENTAL HEATS OF FORMATION OF BORON

HYDRIDES, TRIALKYLPORANES, AND GASEOUS

CARBON AND BORON ATOMS |

[ Temperature, 259 of|

| ! :

Substance Heat of formetion, Reference
keal/mole ..
Liquid Gas

ByH, - 7.53 | 6
BgHg 7.8 15.0 6
B1oH14 8(crystalline) 26 3 6
(CHz )zB -34.5 % 3.5 | -29.3 % 3,5 6
(CoHg)zB -46.8 £ 4.7 | -38.0 % 4.7 6

-23 + 8 -14 ¥ 8 (c)
(n-CzH;)zB | -65 -54 dg

-40 % 8 29t 8 [ (c)
(n-C4Hg),B -83.9 % 4.2 -70.8 £ 4,2 a

-94 -81 f 15
c O(graphite) 171.7 | 21
B O(crystalline) | 141 + 5 | 6
si O(crystalline) | 100 % 10 (e)

8Private communication from W. H. Johnson and E. J.

Prosen, Nat. Bur. Standerds.

Pyaiues of Aﬁf(l and AH2(g) calcula}ed_from date,

in refs.

Nat. Bur.

Unpublished lewls data.
dIn.terpola.ted from experimental dats on (CZHS)SB
and (n-C,Hg)=B.

Average value from data of ref. 27.

10 and 6 are essentially thé same as
Standards values.

fqm*

T gl
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TABLE II. - CAICULATED HEATS OF FORMATION OF ALKYL AND SILYL RADICALS

AND UNSTABLE SPECIES OF BORON HYDRIDES AND ALKYLATED BORON HYDRIDES

[Tempersature, 25° C]

Substance Heat of formation, AH%, Calculated from date in
(gas) kcal/mole refs. -
CHz 32 17,18
CoHs 25 17,19
n-CzHo 22 17,20
SiHz 14 21
BHz 18 6,14 (see tables I and III)
BoHg 48
BoH, 89
BoHz 130
BoHp 171
B4H1g 19
B,Hy 60
BgHg 56
B1of13 67 Y
B(CH3) 2CH2 19 6,21 (see tables I and III)
B(CHz)2 28
B(CHz) oH -15 -
B(CH3) (CH,)E 33
B(CHz) 85
B(CHz)H, 2
B(CHp)H, 50 Y
BgHgCHS 49 6,21 (see tebles I and III)
By 0H1 zCHp 60 6,21 (see tables I and III)
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TABLE ITI. - AVERAGE BOND ENERGIES
Bond Average bond Sourde
energy, D, ;
keal/mole L.
C-H 99.5 Scm, | -
Si-E 8l & 2 BS51H, | ;
B-H 93 & 2 oI
y ! :
B-(CHz) 89 x 2 °B(CH3%3 )
B-(CoHs) 8L + 4 “B(CHz) %
: !
B-(p-CzH7) 83 £ 4 93(970337)3
B-S1 83 + 5 Peuling equationd ,
' =
B-B 80 £ 5 Pauling equatlon and dissociation re-
actions of boron hydrides
3 .
(B-E-B) 107 £ 5 Dissociation reactions of boron hydrides
(B-B-B) 96 + 3 Dissociation reactions fT boron hydrides

end heat of sublimation and crystal
structure of crystalline boron

8Cglculated from date in ref. 21. Lo

bCalculated from date in refs.

CCalculated from average values of AHf(g)

(see table I).

drgking D(Si~S1) as 50 kcal/mole (see table I).

6 and 13,

for _BRz compounds
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TABLE IV. - ESTIMATION OF HEATS OF VAPORIZATION BY THE RELATION
AMH = 2 + 2n(C,B,S1)

Compound Heat of vaporization, Differ- Average | Ref.

ABygn, keal/mole ence, devia-
kcal/mole | tion
Experimental | Calculated

BoHg 3.45 4 +0.5 21
ByHig a6.47 6 -0.5 21
B.Hy 7.2 7 -0.2 6
BioHq, 12.13 12 -0.1 0.3 (b)
B(CHz)z a5.2 6 +0.8 (c)
B(C3Hs)z ég.8 9 +0.2 6
B(n-CzH7)z 811.0 12 +1.0 6
B(n-C4Hg)x #15.1 15 +1.9 1.0 6
(CHz )5BoHy, (1,1) 5.5 6 4+0.5 21
(CHz)zBoHz 7.0 7 0 21
(CHz) 4BoHy 7.3 8 +0.7 21
(CoHg)oBoHy, (1,1) 8.1 8 -0.1 0.3 21
CHzSiHz 4.39 4 -0.4 26
(CHz)pS1H, 5.10 5 -0.1 26
(CHz)zSiE 5.82 6 +0.2 26
(CEz)4S1 6.25 7 +0.7 26
CoHsSiHz 5.33 5 -0.3 26
(CoHg)oS1Hy 7.18 7 -0.2 26
(CHp=CH)SiHz 5.12 5 -0.1 26
(n-C4Hg)SiHz 7.37 7 -0.4 26
(1-C4Hg)SiHZ 7.05 7 0 0.3 26

“Experimental date on AH,., at 25° C.

bpats from ref. 28.

CPrivate communication from W. H. Johnson and E. J. Prosen, Nat. Bur.

Standards.
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TABLE V. - HEATS OF FORMATION AND COMBUSTION OF BORON COMPOUNDS (B,H,C,81)

Compound | Heat of formation (at 25° C), Heat of combustion, AH,, Btu/lb
AHS, kcal/mole
To B,0z(amorphous) |[To B,0z(crystalline)
- So0l1id or Ges
liquid Solid or Gas Solid or Gas
1iquid liquid
B o(s) B141.9 25,000(s) | 48,500 | 25,400(s) | 48,900
BHz 15(t) 18 32,800(1) | 33,200 33,100(1) | 33,500
B(CHz )z 8,b_35(7) 8,b_sg 21,200(1) | 21,400 | 21,300(1) | 21,400
B(CpHg)x a’b-47,-23(z) 8,b_z38,.14 €20,500(1) | €20,600 | ©20,500(1) {20,600
B(n-CzH; )z 8,b 65,-40(1) | & b_s5y,-29 €19,900(2) | 20,100 | ©20,000(1) |©20,100
B(n-C4Hg )z ®sP_ge,-94(1) | 8/P-71,-81 | €19,500(2) | ©19,600 | ©19,500(2) | 19,600
B(SiHz) -12(1} -6 17,700(2) | 17,800 17,700(1) | 17,800
373
BoHg 4(1) a7.5 31,100(2) | 31,300 | 31,400(2) | 31,600
BoH-CHZ -14(12) -9 26,400(1) | 26,600 26,600(1) | 26,800
BoHy{CHz )g T L31(2) 125 il 24,700(1) | 24,300 | 24,300(1) |'24,500
BoHz{CHz )5 -48(1) -41 22,800(1) | 22,900 22,900(1) | 23,000 |
BpHp(CHg), | . . __-85(2) | .. _-57__ | 21,800(1) | 22,000 |. 21,900(1).].22,100.|.
BoBeCoHe o -14(1) | -8 24,700(1) | 24,900 | 24,800(1) | 25,000 |
. TBaEy(CoEa) [ T A (e sl 22, 600(2)? | 42,700 | 22,700(2) | 22800
BoHz(CoHs) 5 ' -48(1) -38 21,500(1) | 21,700 | 21,600(1) | 21,800
BoHa(CoBg)y -65(1) -53 20,900(2) | 21,100 21,000(1) | .21,100

a'Expe.rimantal value,.
by different experimentsl values reported (see table I).
" CAverage values.

ee
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Compound | Heat of formation (at 25° C), Heat of combustion, AH,, Btu/lb
AB%, kcal/m.ole
To ByOz(amorphous) (To By0z{crystalline)
3 3
Solid or Gas
liquid Solid or Gas Solld or Gas
liquid liquid

BoHgSiHz -6(1) -1 22,800(1) | 23,000 | 23,000(1) 23,200
BoH, (81Hz) 5 -15(1) -9 20,300(1) | 20,400 | 20,400(1) 20,500
BoHz(51Hz)5 -24(1) -17 19,000(1) | 19,100 | 19,100(1) 19,200
BoH, (8iHz) -33(1) -25 18,300(1) | 18,400 | 18,300(1) 18,400
ByHyg 13(1) 19 30,500(1) | 30,700 | 30,800(1)} 31,000
ByHgCHz -2(1) 5 27,800(1) | 28,000 | 28,000(1) 28,200
ByHgCoHg -10(1) -2 26,200(1) | 26,400 | 26,400(1) 26,600
B4HgCzH7 -14(1) -5 25,100(1) | 25,300 | 25,300(1) 25,500
ByHgS1Es 4(1) 11 25,000(1) | 25,200 | 25,200(1) | 25,400
BgHg a7.8(1) 815.0 29,100(1) | 29,300 | 29,400(1) 29,600
BgHgCHz ~7(1) 1 27,000(t) | 27,200 | 27,200(1) 27,400
BgHoCoHx -15(1) -6 25,700(1) { 25,900 | 25,900(1) | 26,100
BgHoCxH -19(2) -9 24,800(1) | 25,000 | 25,000(1) 25,100
BsHgS1Hs ~1(1) 7 24,600(1) | 24,800 | 24,800(1) |- 25,000
ByoH14 8g(a) 826 28,200(s) | 28,500 | 28,500(s) 28,800
By oH;5CHs -1(1) 12 27,200(1) | 27,400 | 27,300(1) 27,700
BqoH15CoH5 -9(1) 5 26,400(1) | 26,600 | 26,700(1) 26, 800
By oH13CxHy ~13(1) 2 25,800(1) | 25,900 | 26,000(1) | 26,200
B oH361Hz 5(1) 18 25,800(1) | 25,900 | 26,000(1) | 26,200

SExperimental value.

9ZDGSE WE VOVN
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TABLE V. - Concluded. HEATS OF FORMATION AND COMBUSTION OF BORON COMPCUNDS (B,H,C,S5i)
Compound Heat of formation (at 25° C), Heat of combustion, AH,, Btu/1b
Aﬂg, kcal/mole
To amorphous To 0. (crystalline
Solid or Gas BZOS( I'P ) Bz 3( i )
1iduid So0lid or Gas Solid or Gas
liquid liquild

H,BCH,BH, 12(1) 17 26,300(1) | 26,500 | 26,500(1) | 26,800

H,BCH, BH(CHz ) -7(1) -1 23,900(1) | 24,100 | 24,100(1) | 24,300

H,BCH,B(CHz )s, ~-27(1) -20 22,500(1) | 22,800 | 22,600(1) | 22,800

(CHz )EBCH,BH(CHz) -27(1) -20 22,500(1) | 22,600 22,600(1) | 22,800

(CHz JHBCH,B(CHz), -47(1) -39 21,500(1) | 21,700 | 21,800(1) | 21,800

(CEz ),BCH,B(CHz ) » -66(1) -57 20,800(1) | 21,000 | 20,900(1) | 21,100

E,BCoE,BH, 10(1) 16 24,500(1) | 24,700 | 24,600(1) | 24,800

BpBCoH,BH(CHz) -8(1) '.;l\ 23,000(2) 28,100 | 23,100(1) | 23,300

HyBCoH,B(CHz)py ~-23(1) -15 22,000(1) | 22,200 22,100(7) | 22,300

(CHz )HBC,H,BH(CHz ) -26{1) -18 22,000(1) | 22,100 22,100(1) | 22,200
| (CEz JEBCRH,B(CBz)p | . _-41(2) _ | -32 _|-21,300(2)_]_21,500_|..21,400(2)_( 21,600_]

(CHs );BC,H,B(CHy) ~56(1) . -46 | 20,800(1) | 21,000 | 20,900(1) | 21,100

ST g : Cafkis .[I_}'l‘ 2 'l I!'llpphl?‘" ‘Mi{ TR FFRE ! N : : _J:pir. o )RR A Y T i

BsHEgBsHg 20(1) . 32 28,800(1) | 29,000 29,100(1) | 29,300

BeHgCH,BHy Coa(i) 15 27,600(1) | 27,700°| 27,900(1) | 28,000

BgHgCpHyBsHg - ~6(1) - 8 26,700(1) | 26,900 | 27,000(1) | 27,200

ByoH13B1 0813 32(1) 54 28,200(1) 28,300 28,500(1) | 28,600

B1oH15CH,B ol 3 14(1) 37 27,600(1) | 27,700 | 27,900(1) | 28,000

By oH13CoH4B1 0B 13 12(2) %6 27,100(1) | 27,300 | 27,400(1) | 27,600
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